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Within developing ovaries of many insects, some developing follicles or oocytes usually degenerate (follicular atresia or
oosorption), while the others may continue to grow to maturity, thus maintaining the balance between the number of eggs
and reproductive circumstances such as available nutrients. To help clarify the phenomenon of follicular atresia during
ovarian development, we examined cysteine proteinases stored in mosquito Culex pipiens pallens ovaries. First, analysis
using synthesized substrates showed that cathepsin B- and L-like proteinases gradually accumulated in the developing
ovaries after a blood meal, which required more than 10 min of preincubation under acidic conditions to reach their
maximum activities. However, homogenates of degenerating follicles 3 days after feeding showed proteolytic activities
without acid treatment, suggesting that the proteinases had already been activated, while the extract of normally developing
follicles collected from the same ovaries required more than 10 min of acid preincubation to reach the optimum activities,
suggesting that the enzymes remained as inactive forms. Chemical and immunohistochemical analyses showed that more
proteinases are located in the cytoplasm, rather than being associated with yolk granules. Ovarian proteinases, which are
believed to become activated at the onset of embryogenesis, should also be activated during oogenesis, presumably to
enhance oosorption. © 2001 Academic Press
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Ovarian development in many oviparous vertebrates and
invertebrates is usually accompanied by degeneration or
resorption of developing follicles (follicular atresia) or oo-
cytes (oosorption). In insects, the proportion of degenerating
follicles and those surviving to maturity varies depending
on various physiological and environmental factors, such as
poor nutrition, over-crowding, absence of males, lower
temperatures, or lack of suitable oviposition sites (see the
1 To whom correspondence should be addressed. Fax: 181-476-
t98-1011. E-mail: uchida@sakura.juntendo.ac.jp.
68eview of Bell and Bohm, 1975). In contrast to a number of
eports on the mechanism of the “developmental phase” of
ogenesis in oviparous animals, however, less attention has
een paid to that of the “degenerative phase” occurring
ithin the same ovary. This may be because (1) the number
f atretic follicles is usually much less than that of nor-
ally developing follicles, (2) once the degeneration starts,
t proceeds very fast until the disappearance of the whole
ollicular structure, and (3) it is therefore difficult to moni-
or the degenerating process or technically difficult to
ollect enough numbers of degenerating follicles for analy-
is, especially with those animals which are not prolific. In
his respect, mosquitoes are ideal specimens in that vitel-
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69Egg Proteinases Activated in Atretic Follicleslogenic development starts once in almost all the proximate
follicles after feeding on a blood meal above some threshold
volume (Lea et al., 1978), and thereafter follicular develop-
ent proceeds synchronously. Accordingly, follicular de-
eneration also occurs in a limited period during oogenesis
though not as synchronously as development) (Hosoi,
954; Detinova, 1962; Volozina, 1967). For example, in the
ellow fever mosquito Aedes aegypti, more than 100 fol-
icles start vitellogenesis after a blood meal and some of the
eveloping follicles then degenerate 26–30 h later (Clem-
nts and Boocock, 1984). As described above, once degen-
ration begins, oosorption proceeds so fast that the follicles
eave only a pigmented body within the ovariole sheath by
he time the remaining normally developing follicles have
eached maturity ca. 72 h after feeding. The rate of degen-
ration and accordingly the rate of maturation of follicles
epends on either the quantity of blood meals (Colless and
hellapah, 1960; Shelton, 1972; Nayer and Sauerman,
975), or the quality of the blood (i.e., the contents of some
imiting amino acids in determining the number of eggs)
Chang and Judson, 1977; Briegel, 1985).
In Culex pipiens pallens mosquitoes (examined in the
resent study), some follicles degenerate at an early stage of
evelopment, but some others degenerate 2–3 days post-
lood meal (PBM) when the follicles have already accumu-
ated a substantial amount of yolk in the oocytes as yolk
ranules (Hosoi, 1954; present observation). The rapid dis-
ppearance of yolk granules or other cellular structures
trongly indicates the involvement of activated proteinases
n this event. Here, we have focused on cathepsin B- and
-like cysteine proteinases as possible ovarian proteinases
nvolved in follicular atresia, simply because these two
nzymes are commonly found in insects or other arthropod
ggs (Yamamoto and Takahashi, 1993; Takahashi et al.,
996). For instance, cathepsin L-like proteinases are re-
orted in the eggs of Bombyx mori (Kageyama and Taka-
ashi, 1990; Yamamoto et al., 1994a), Blattela germanica
Liu et al., 1996), and tick Ornithodoros moubata (Fagotto,
990a), and B-like forms in the eggs of Drosophila melano-
aster (Medina et al., 1988), B. germanica (Nordin et al.,
990), Musca domestica (Ribolla et al., 1993), and An-
heraea pernyi (Zhao et al., 1996). In mosquitoes, too,
ntensive work on A. aegypti showed that a cathepsin B-like
roteinase (vitellogenic cathepsin B; VCB), together with
nother ovarian proteinase, a serine carboxypeptidase (vitel-
ogenic carboxypeptidase; VCP), are uniquely synthesized
xtraovarially in the fat body and then incorporated into the
eveloping oocytes together with vitellogenin (Hays and
aikhel, 1990; Cho et al., 1991, 1999). Although these
roteinases are believed to remain as inactive enzymes in
he ovary and to be activated for the first time after
viposition to degrade yolk proteins to support embryogen-
sis (Fagotto, 1995), it is acceptable that the same protein-
ses also work to promote follicular atresia. In this report,
e first show the accumulation of cathepsin B- and L-like
roteinases in developing C. p. pallens ovaries after a blood
eal with the use of synthesized cathepsin substrates.
Copyright © 2001 by Academic Press. All righthen, comparing the proteinase activities between degen-
rating and developing ovarian follicles separately collected
rom the same developing ovaries, we confirmed the pre-
viposition activation of cathepsin B- and L-like cysteine
roteinases occurring only in the degenerating follicles. In
ddition, the localization of these proteinases within ova-
ies was examined by chemical and immunohistochemical
nalyses. The results will help clarify the degenerating
hase of oogenesis, which we hope may lead to a total
nderstanding of oogenesis.
MATERIALS AND METHODS
Animals
A colony of C. p. pallens was maintained at 22–23°C, 60–70%
.h. under a 14-h light, 10-h dark regime. Larvae were reared in
namel pans and periodically provided with fish food (TetraMin,
ish Food, TetraWirke). Adult females were collected from emerg-
ng pupae and kept in uniform age groups (within 24 h) in cages
10 3 17 3 16 cm) and fed 5% glucose.
Blood Meals
In a preliminary experiment, we fed adult females on heparin-
ized sheep whole blood, either without dilution, or diluted by
one-half or one-quarter with saline, and thereafter dissected them
daily and observed the appearance of degenerating follicles to find
methodologically the most appropriate blood meal for the present
study. Although all of the meals resulted in many degenerating
follicles, we decided to use the half-diluted blood and collect
degenerating follicles 3 days PBM, since this meal activated ovarian
development in most of the fed females and many large degener-
ating follicles appeared 3 days PBM, which had already accumu-
lated yolk in the oocytes as yolk granules (see Fig. 3C). Large
degenerating follicles could be handled with ease in separating
these follicles from normally developing follicles, or in fractionat-
ing the degenerating follicles into subcellular parts. On the other
hand, the blood diluted by one-quarter activated ovarian develop-
ment among only one-half of the fed females. Although the
nondiluted blood group also resulted in as many large degenerating
follicles as in the half-diluted blood group, the ovaries contained
more developing follicles than the half-diluted blood group, which
could result in the more time-consuming task of collecting degen-
erating follicles by removing all the developing follicles from the
ovary first (see the later section).
Cathepsin Assay of Whole Ovaries
Cathepsin assays using the synthesized substrates,
benzyloxycarbonyl-L-phenylalanyl-L-arginine 4-methyl-coumaryl-
7-amide (Z-Phe-Arg-NHMec) for cathepsins B and L (designated as
substrate B 1 L), and benzyloxycarbonyl-L-arginyl-L-arginine
4-methyl-coumaryl-7-amide (Z-Arg-Arg-NHMec) for cathepsin B
(designated as substrate B) followed ordinary protocols (Barrett and
Kirshke, 1981; Fagotto, 1990a, b; all the substrates and inhibitors
were purchased from Peptide Institute, Inc.). For measuring cathep-
sin L activity alone, a medium containing both substrate B 1 L and
(L-3-trans-(propylcarbamoyl)oxirane-2-carbonyl)-L-isoleucyl-L-
proline (CA-074), a specific inhibitor of cathepsin B, was used
s of reproduction in any form reserved.
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70 Uchida et al.(designated as substrate L). These substrates were first disolved in
DMSO to make a 10-mM stock solution, stored at 220°C, and prior
to assay diluted with ultra-pure water (MilliQ) by one-tenth to give
a 1-mM solution.
Five pairs of mature ovaries were dissected out from females 5
days after feeding on half-diluted sheep blood, briefly rinsed with
PBS (Sigma), and then stored in 100 ml of PBS. Collected ovaries
were first subjected to three cycles of freeze and thaw at 270°C and
20°C (Nordin et al., 1990), mixed with 100 ml of extraction buffer
PBS, pH 7.0, 4 mM EDTA, 0.2% Triton X-100), and were homog-
nized with a hand homogenizer (NS-310E, Microtec Co. Ltd). To
etermine the optimum assay conditions for pH and preincubation
eriod, 10 ml of the total 200 ml homogenate (equivalent to 1⁄4 of a
pair of ovaries), was preincubated at 37°C for 5–40 min after being
mixed with 80 ml of a reaction medium composed of 0.125 M
sodium formate (pH 2.5–3.5), 0.125 M sodium acetate (pH 4.0–5.5),
or 0.125 M sodium phosphate (pH 6.8), each containing 1.25 mM
EDTA and 10 mM cysteine, to activate the enzymes, and then
incubated another 5 min after 10 ml of 1 mM substrate was added.
After the incubation, 100 ml of 10% SDS and 2 ml of Tris–HCl
buffer (pH 9.0) were added to the reaction medium to terminate the
enzyme activity and the fluorescence due to the liberated amino-
methyl-courmarin (AMC) molecules was measured on a Shimazu
fluorometer at an excitation wavelength of 370 nm and an emmi-
sion wavelength of 470 nm. A standard curve was obtained by
measuring the fluorescence of 0–8 nM AMC solution and cathep-
sin activities were expressed as AMC concentrations equivalent to
that liberated from the synthetic substrates by the enzymes during
the incubation. Unless otherwise indicated, the sample volume
was adjusted as above to become equivalent to 1⁄4 of the homoge-
ate of a pair of ovaries.
To further confirm that our subject proteinases belonged to the
hiol proteinases, the above extracts were similarly incubated in
he presence of thiol proteinase inhibitors L-trans-epoxysuccinyl-
-leucylamido-(4-guanidino) butane (E-64; 1 mM), leupeptin (1 mM),
and the aspartic proteinase inhibitor pepstatin (10 mM).
For measuring the accumulation of cathepsin-like proteinases in
eveloping follicles after a blood meal, five pairs of ovaries were
ollected from fed females 0, 1, 2, 3, 4, 5, and 10 days PBM, and the
roteolytic activities were measured under optimum assay condi-
ions (20 min preincubation followed by 5 min incubation with the
ubstrates at 37°C, pH 4.5).
Cathepsin Assay of Degenerating and Normally
Developing Follicles
For separate analysis of degenerating and developing follicles,
ovaries were removed from females 3 days after feeding on half-
diluted blood. Under a stereomicroscope, normally developing
follicles reaching developmental stage III (Clements and Boocock,
1984) were first removed from the ovaries with a fine needle and
collected by sucking them with a Drumond Microdispenser (25 ml)
nto 20 ml of a weak buffer (0.3 M sucrose in one-tenth-diluted PBS
ontaining 0.27 mM potassium chloride and 13.7 mM sodium
hloride, pH 7.4; our preliminary experiments confirmed that this
eak buffer did not activate immature cathepsin proenzymes but
ight retain the proteolytic activity of already activated enzymes,
nd could therefore be used for measuring the native proteinase
ctivities of collected samples). The remaining degenerating fol-
icles, which were still connected to the oviduct, were transferred
nto the same buffer. Nearly one hundred either developing or
egenerating follicles were collected as one sample and treated by
Copyright © 2001 by Academic Press. All rightreezing and thawing three times. For measuring native proteolytic
ctivities without acid treatment, 80 ml of the weak buffer with
.1% Triton X-100 was added to the sample, which was then
omogenized. The homogenate was incubated at 37°C for 15 min
fter adding another 200 ml of the weak buffer containing 0.2 mM
ubstrate B 1 L and 10 mM cysteine, and the proteolytic activities
easured on the fluorometer as described above. For measuring
roteinase activity changes by acid activation, another sample of
a. 100 follicles in 20 ml of weak buffer was homogenized after
dding 200 ml of weak buffer with 0.1% Triton X-100, and 20 ml of
this sample homogenate (equivalent to ca. 9 follicles) was added to
a 100-ml reaction medium (0.125 M sodium acetate containing 1.25
mM EDTA and 10 mM cysteine, pH 4.5). The proteolytic activities
were measured by first preincubating each sample at pH 4.5 for 0,
5, 10, 20, and 30 min, and then incubating with substrate B or L for
another 5 min according to the above protocol.
Cathepsin Assay of Particulate and Supernatant
Fractions
To determine proteinase localization, particulate fractions
(mainly yolk granules), and soluble fractions were separated.
Twenty pairs of mature ovaries collected in 200 ml of PBS from
emales 5 days PBM were lightly homogenized with a treff pellet
ixer, and the homogenates were allowed to pass through a fine
esh with ca. 80-mm-square holes; this sample was devoid of egg
hells or other debris and mainly comprised of yolk granules
microscopic observations). The homogenate was divided into four
liqots of 50 ml, and two were used as the whole ovary samples. The
remaining two samples were centrifuged (1000 rpm for 3 min) and
after soluble fractions as a supernatant were first removed, particu-
late fractions as a pellet were rinsed twice with 200 ml of PBS, and
dded to 50 ml of PBS. Microscopic observations confirmed that the
soluble fractions included no particulate substances and that the
precipitate was comprised of uniform-sized yolk granules (7.07 6
1.52 mm). SDS-PAGE of the two fractions (see Fig. 6) also supported
their clear separation. All the samples were first subjected to three
cycles of freeze and thaw, and then homogenized completely after
adding 50 ml of extraction buffer, and 5 ml of the homogenate
amples were mixed with 80 ml of the reaction medium and assayed
for cathepsin activities as described above.
Cathepsin Assay of Particulate and Supernatant
Fractions of Degenerating Follicles
A sample containing ca. 100 degenerating follicles in 20 ml of
eak buffer (see the previous section) was homogenized lightly
ith a treff pellet mixer after adding 100 ml of weak buffer, and after
the homogenate was allowed to pass through a fine mesh with ca.
80-mm-square holes, particulate and supernatant fractions were
separated by centrifugation (1000 rpm for 3 min). The pellet was
washed twice with weak buffer. For native proteinase assays of the
particulate fraction, the pellet in 20 ml of weak buffer was first
subjected to three cycles of freeze and thaw, homogenized after
being mixed with 100 ml of weak buffer with 0.1% Triton X-100,
and then incubated at 37°C for 15 min after being mixed with
another 200 ml of weak buffer containing 0.2 mM substrate B 1 L
and 10 mM cysteine. The supernatant fractions after further
centrifugation (16,000 rpm for 10 min) were also incubated with
the same medium. For measuring proteinase activity changes by
acid activation, the particulate fractions after the freeze-thaw
treatment were mixed with 200 ml of weak buffer with 0.1% Triton
s of reproduction in any form reserved.
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71Egg Proteinases Activated in Atretic FolliclesX-100, homogenized, and 30 ml of this homogenate (equivalent to
ca. 14 follicles) were added to 100 ml of reaction medium (pH 4.5).
The proteolytic activities were measured by first preincubating
each sample at pH 4.5 for 0 and 20 min, and then incubating with
substrate B or L for another 5 min according to the above protocol.
The supernatant fractions were added to 100 ml of weak buffer
containing 0.1% Triton X-100, and equivalent sample volumes
were incubated in the same manner. As a control, particulate and
supernatant fractions of normally developing follicles were simi-
larly prepared and treated.
Intact Yolk Granule Incubation with Cathepsin
Substrates
To observe the activity of acid proteinases associated with yolk
granules in degenerating follicles, yolk granules were collected as
described above from degenerating and normally developing fol-
licles (control). To the yolk granule sample collected as a pellet, 400
ml of weak buffer containing 0.2 mM cathepsin B 1 L, L, or B
substrate was added. Without an acid preincubation, the yolk
granules were incubated for 15 min at 37°C, and then collected as
a pellet by centrifugation (1000 rpm for 3 min), followed by twice
rinsing with the same buffer without the cathepsin substrate. The
yolk granules pellet was finally suspended in 10 ml of weak buffer
nd placed on a slide glass for Nikon Optiphot X fluorescence
icroscopy observation using a UV-2A filter unit with an excita-
ion filter (330–380 nm) and a barrier filter (.420 nm).
Intact Yolk Granule Incubation with Acridine
Orange
Following the above experiments, yolk granules from degenerat-
ing and developing follicles were incubated with acridine orange
(AO), to see whether yolk granules were acidified as degeneration
proceeded (Fagotto, 1991; Nordin et al., 1991). Yolk granule pellets
of developing or degenerating follicles were added to 500 ml of weak
uffer containing 100 mM AO and incubated at 30°C for 10 min.
fter briefly centrifuging on a vortex, the sample medium was
pread on a slide glass and observed under a fluoromicroscope using
V-2A filter unit with an excitation filter (380–420 nm) and a
arrier filter (.430 nm).
SDS-PAGE
Yolk granule and supernatant fractions separated from mature
ovaries (see above) and also the homogenate of the whole ovaries
were subjected to SDS-PAGE with or without acid treatment to
determine the degree of yolk protein degradation. For acid treat-
ment, 10 ml of acidic medium (0.2 M sodium acetate, 4 mM EDTA,
0 mM cysteine, pH 4.5) were added to 20 ml of each sample. The
ixture was incubated at 37°C for 15 min, added to 10 ml of sample
buffer [NuPAGE LDS Sample Buffer (43); Novex], and then heated
to 95°C for 4 min. Eight microliters of each sample (corresponding
to 0.2 pair of ovaries) were loaded on polyacrylamide gels (NuPage
10% Bis-Tris-Gels; Novex). Non-acid-treated samples were simi-
larly loaded after adding the sample buffer and heating. The
samples were run at a constant current of 10 mA in NuPAGE Mops
SDS running buffer (pH 7.7; Novex), stained with Coomassie
brilliant blue, and destained with an acetic acid/methanol solution.
Copyright © 2001 by Academic Press. All rightImmunohistochemical Analysis
Adult females 3 days PBM (containing stage III ovaries) and those
5 days PBM (containing mature eggs) were fixed overnight in 4%
paraformaldehyde dissolved in PBS (pH 7.4) at 4°C. They were then
immersed overnight in 20% sucrose dissolved in the same buffer, at
4°C, and then frozen in liquid nitrogen. Serial sections were cut on
a freezing microtome (Model OT, Bright, Huntingdon) in the
sagittal plane and mounted on glass slides coated with poly-L-
lysine. After a brief rinse in PBS, the sections were treated with
normal goat serum (Vector Laboratories). They were then incu-
bated for 2 days at 4°C with an anti-Sarcopharga procathepsin
L-antiserum raised in rabbit (a generous gift from Dr. K. Homma,
University of Tokyo; Homma et al., 1994) diluted 1:2000 with the
same buffer containing 0.01% Triton X-100. After a brief rinse in
PBS, the sections were treated for 120 min at room temperature
with FITC-conjugated anti-rabbit IgG (L 1 H, Organon Teknika)
diluted 1:100 with PBS. Some of the sections were incubated with
a nuclear staining reagent, TO-PRO-3 iodide (1:500, Molecular
Probes), for 10 min at room temperature. After a brief rinse with
PBS, all the sections were embedded in Fluoro-Guard anti-fade
reagent (Bio-Rad Laboratories). They were observed under a Bio-Rad
confocal laser scanning microscope, MRC 1024, with filters set for
FITC (excitation, 488 nm; emission, 522–535 nm) and for TO-
PRO-3 (excitation, 647 nm; emission, 680 nm), through Nikon
objective lenses at magnifications of 20, 40, and 603. Confocal
images of the signals of FITC and TO-PRO-3 were collected, in
frame sizes of 512 3 512 and 1024 3 1024 pixels per inch, in
sequential scanning mode at the same Z-planes by a Bio-Rad
confocal laser scanning microscope. Digital images were printed on
a Kodak XLS 8600 printer. In addition to the ovary section samples,
isolated yolk granules were similarly examined. Yolk granules
collected as described above (see the cathepsin assays of the
particulate and supernatant fractions) were spread on slide
glasses coated with poly-L-lysine (Sigma), dried at room tem-
perature, serially treated with normal serum, anti-procathepsin
L, and FITC-anti-rabbit IgG, and examined. Although this anti-
body was also used for cathepsin-L localization of Drosophila
melanogaster haemocyte cells (Tryselius and Hultmark, 1997),
we have not confirmed yet that the antibody does not cross-react
with mosquito cathepsin B-like enzymes. From enzymatic ac-
tivity comparisons (see Fig. 4), the positive image observed in
the cytoplasm of follicles (including the nurse cells, epithelial
cells, and oocytes) should indicate mostly the localization of
cathepsin L-like enzymes. With the yolk granule-associated
proteinases, some influence of the cross reaction, if any, cannot
be ruled out at present, since both the B- and L-like enzymes
showed almost the same activities (see Fig. 4).
RESULTS
Increase of Cathepsin Activities in Developing
Ovaries
First, the optimum assay conditions for cathepsin B- and
L-like proteinases were determined by using the extract of
mature ovaries. Proteolytic activities upon either substrates
B 1 L, L, or B were optimum in the assay with a 20-min
preincubation at pH 4.5, followed by a 5-min incubation
with the substrate at the same pH (data not shown). These
proteinase activities in the mature ovaries were absolutely
inhibited when incubated with thiol proteinase inhibitors
s of reproduction in any form reserved.
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72 Uchida et al.E64 or leupeptin, but not inhibited with the aspartic pro-
teinase inhibitor pepstatin (Fig. 1), confirming that the
proteolytic activities could be attributed to cysteine-
proteinases. When ovary homogenates were examined daily
after a blood meal under the above assay conditions, cathep-
sin B-like activity gradually increased and L-like activity
more sharply increased as ovarian development progressed
from a nondetectable level before feeding to the maximum
level 5 days PBM, by which time the ovarian follicles had
reached the mature stage (Fig. 2). The maximum activities
remained unchanged thereafter as long as the mature were
retained by the females.
Proteinase Activities of Degenerating Follicles and
Developing Follicles
We next examined the dynamics of cathepsin-like pro-
teinases in degenerating follicles. Since the above-applied
ordinary cathepsin assay methods required sample preincu-
bation under acid conditions to activate inactive immature
enzymes, we discriminated already-activated native pro-
teinase activity from that of immature inactive enzymes by
the following two methods: (1) measuring the native pro-
teolytic activities by incubating the sample with the sub-
strates in a weak buffer, the medium allowing the activated
enzymes to remain active, while not activating the imma-
ture enzymes, and (2) monitoring the changes in activities
according to the length of the acid preincubation period, to
see whether the activity decreased (i.e., degradation of
mature enzymes) or increased (i.e., activation of immature
enzymes) as the acid activation period was extended.
First, homogenates of degenerating follicles showed
FIG. 1. Effects of inhibitors on cathepsin-like proteinases in
ature ovaries of C. p. pallens females. Homogenates of mature
varies were incubated with substrate B 1 L in the presence of
roteinase inhibitors E64 (1 mM), leupeptin (1 mM), or pepstatin (10
mM) from preincubation through incubation with the substrates.
Proteolytic activities were expressed as AMC concentrations
equivalent to that liberated from the synthetic substrates by the
enzymes during the incubation.higher native proteinase activities than those of normally g
Copyright © 2001 by Academic Press. All righteveloping follicles when nearly the same number of fol-
icles were incubated with substrate B 1 L in the weak
uffer (Fig. 3A). This suggests that the proteinases in
egenerating follicles had already been activated. Next,
ach sample was preincubated at pH 4.5 for various periods
0–30 min) before incubation with substrate L. Although
he measured activities varied widely, the pattern of change
howed the same tendency in both degenerating and devel-
ping follicles (Fig. 3B). The maximum proteolytic activity
f degenerating follicles appeared without acid preincuba-
ion, and then the activity gradually decreased as the
reincubation period was extended, suggesting the self-
egradation of mature enzymes. On the other hand, the
roteolytic activity for substrate L of normally developing
ollicles was very low without acid preincubation but
ncreased gradually to reach the maximum level when
reincubated at pH 4.5 for 10 min, suggesting transforma-
ion of immature enzymes to mature active forms. Al-
hough cathepsin B-like activities were very low compared
ith cathepsin L-like activities, similar tendencies were
bserved with either degenerating or developing follicle
amples. Ovaries dissected 3 days PBM for this analysis (Fig.
C) were mostly comprised of 300- to 320-mm-long devel-
ping follicles including a 250-mm-long oocyte, in which
yolk granules were densely deposited, but degenerating
follicles decreased in size and the boundary of the oocyte,
which was also filled with yolk granules, diminished and
nurse cells became indiscernible.
Localization of Proteinases
We further examined whether these cathepsin-like pro-
teinases involved in follicular degeneration were located
within yolk granules as are many other ovarian proteinases
FIG. 2. Increase of cathepsin-like proteinases in developing ova-
ries of C. p. pallens females after a blood meal. After feeding on
alf-diluted sheep blood, ovaries were dissected daily and
athepsin-like proteinase activities of the ovary homogenates were
easured after 20 min of preincubation at pH 4.5, followed by
nother 5-min incubation with the substrates. Proteolytic activi-
ies were expressed as AMC concentrations equivalent to that
iberated from the synthetic substrates by the enzymes during the
ncubation. Each point shows the mean activities 6 SD of three
roups.
s of reproduction in any form reserved.
t
t
p
L
o
t
w
t
e
s
a
g
w
d
i
n
g
g
p
b
w
F
t
a
p
g
w
b
p
a
o
f
t
a
d
c
s
d
a
fi
m
l
S
f
d
w
73Egg Proteinases Activated in Atretic Folliclesin insects. Before examining degenerating follicles, mature
follicles were examined. Separate analyses on particulate
FIG. 3. Comparison of cathepsin-like proteinase activities between
eveloping and degenerating follicles in ovaries of C. p. pallens
females after a blood meal. (A) Native proteinase activities were
measured by incubating each homogenate of developing and degener-
ating follicles separated from ovaries 3 days PBM in a weak buffer for
15 min with substrate B 1 L. Proteolytic activities were expressed as
AMC concentrations equivalent to that liberated from the synthetic
substrates by the enzymes during the incubation. Each bar shows the
mean proteinase activity 6 SD of three samples. (B) Proteinase
ctivity changes according to acid treatment were also measured by
rst preincubating each homogenate at pH 4.5 for 0, 5, 10, 20, and 30
in and then incubating another 5 min with either substrate B (dotted
ine) or L (solid line). Each point shows the mean proteinase activity 6
D of three samples. A degenerating follicle sample and a developing
ollicle sample contained ca. 100 follicles each. The photo (C) shows
egenerating follicles (arrows) and normally-developing follicles
ithin the same developing ovaries 3 days PBM.(mainly comprising yolk granules) and supernatant frac- t
Copyright © 2001 by Academic Press. All rightions of mature ovaries showed significantly higher activi-
ies for cathepsin L in the supernatant fractions (Fig. 4). The
articulate fractions showed very low cathepsin B- and
-like activities, and also no significant difference was
bserved in the cathepsin B-like activity between the par-
iculate and supernatant samples (Fig. 4).
Second, in frozen sections of ovaries 3 days PBM reacted
ith antibody against Sarcophaga procathepsin L, the cy-
oplasm of follicular cells consisting of a simple cuboidal
pithelium and that of nurse cells were intensely immuno-
tained by the antibody (Fig. 5A). Immunoreactivity was
lso observed in the cytoplasmic space between the yolk
ranules of the oocyte. Sections of mature follicles, in
hich the epithelial cells and nurse cells had already
egenerated, showed again that the proteinases are located
n the cytoplasm of the oocytes (Fig. 5B). Although immu-
oreactivity was not detected in the middle of the yolk
ranules in either section, similarly treated isolated yolk
ranules indicated possible proteinase localization at the
eripheral region of the granules (Fig. 5C).
Finally, homogenate samples before and after acid incu-
ation of the particulate and supernatant fractions and the
hole ovary were examined on SDS-PAGE. As is shown in
ig. 6, major yolk proteins contained in the yolk granules in
he whole ovary homogenate completely disappeared after
cid incubation, while the same major proteins were only
artially degraded after the same treatment when the yolk
ranules alone were incubated. It is noted that proteins
ere only slightly detected in the supernatant sample
efore acid treatment, suggesting that migration of yolk
roteins (and perhaps yolk granule-associated proteinases
lso) rarely occurred during the separating procedures.
FIG. 4. Localization of cathepsin-like proteinases in mature ova-
ries of C. p. pallens females. Homogenate of the whole mature
varies (WHOLE) and supernatant fractions (SUP) and particulate
ractions mainly comprised of yolk granules (YG) separated from
he whole mature ovary homogenate by light centrifugation were
ssayed for cathepsin-like proteinases according to the method
escribed in Fig. 2. Proteolytic activities were expressed as AMC
oncentrations equivalent to that liberated from the synthetic
ubstrates by the enzymes during the incubation. Each bar shows
he mean proteinase activity 6 SD of three samples.
s of reproduction in any form reserved.
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74 Uchida et al.Localization of Activated Proteinases in
Degenerating Follicles
Based on the above results, yolk granules and supernatant
fractions separated from degenerating follicles were incu-
FIG. 5. Immunohistochemical reaction for Sarcophaga procathe-
psin L on thin sections of C. p. pallens ovarian follicles 3 days PBM
(A), mature follicles (B), and isolated yolk granules (C). Frozen
sections were treated as described in Materials and Methods, and
the confocal images collected under a confocal laser scanning
microscope show positive immunohistochemical reactions as
white images. Oo, Oocyte; fc, follicular epithelial cell; fcn, follicu-
lar epithelial cell’s nucleus; nc, nurse cell; ncn, nurse cell nucleus;
ch, chorion; mp, microcap apparatus.bated with the substrate either in a weak buffer or after acid
Copyright © 2001 by Academic Press. All rightreincubation to localize activated proteinases. First, the
ative proteinase activity for the B 1 L substrate was
lways higher in the supernatant fraction than in the yolk
ranules in the three pairs of samples, while the activities
ere not significantly different statistically, perhaps be-
ause of the varied activities between samples (Fig. 7A).
econd, when the samples were incubated at pH 4.5 with
ubstrate L with or without preincubation at pH 4.5 for 20
in, the supernatant samples showed proteolytic activity
ithout acid treatment, which decreased dramatically after
cid preincubation (Fig. 7B), suggesting again the self-
egradation of mature enzymes. The lower activities ob-
erved in the separated yolk granule fractions without acid
reatment also seemed to decrease slightly according to the
cid treatment. Cathepsin B-like activities of the superna-
ant fractions slightly decreased after the acid treatment,
hile the same activity of the particulate fractions was too
ow to indicate the activity changes. However, the activity
hange profiles were apparently different from those of two
raction samples of normally developing follicles, in which
athepsin B- and L-like activities increased after the acid
reincubation (Fig. 7C).
Since these results leave some uncertainty as to whether
olk granule-associated proteinases could be activated
long with follicular degeneration as well as the extra-
ranular enzymes, yolk granules collected from degenerat-
ng follicles and from developing follicles (as a control),
FIG. 6. SDS-PAGE of homogenate samples of fractionated mature
ovaries of C. p. pallens before and after an acid treatment. Lanes on
a 10% polyacrylamide gel show the whole ovary homogenate
before the acid treatment (lane 1) and after the acid treatment (lane
2), the particulate homogenate before (lane 3) and after (lane 4) the
acid treatment, and the supernatant sample before (lane 5) and after
(lane 6) the acid treatment. In both the whole ovary and particulate
homogenate samples, large subunits (VtL) and small ones (VtS) of
vitellin are shown, but these disappeared after the acid incubation
only in the whole ovary sample. The right-most lane is protein
markers (M).
s of reproduction in any form reserved.
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75Egg Proteinases Activated in Atretic Follicleswere incubated in a weak buffer with the synthetic sub-
strates without acid treatment and observed under a flu-
oromicroscope. Although yolk granules of normally-
developing follicles had almost no fluorescence after being
incubated with substrate B 1 L (Fig. 8B), yolk granules of
degenerating follicles showed strong fluorescence appar-
ently due to substrate degradation (Fig. 8D). Similarly, yolk
granules of degenerating follicles incubated with substrate
B 1 L including CA-074 for cathepsin L assay (Fig. 8E), and
those incubated with substrate B (Fig. 8F), showed fluores-
cence without acid treatment. Since yolk granule-
associated proteinases seemed to be activated, the same
yolk granule samples from degenerating follicles were in-
cubated with AO to roughly evaluate the internal pH of the
yolk granules. Compared with granules collected from
developing follicles, which appeared green to pale green
under a fluoromicroscope (Fig. 8G), those granules from
degenerating follicles appeared orange (Fig. 8H).
DISCUSSION
The phenomena of follicular atresia and oosorption
should be interpreted as economical reproductive strate-
FIG. 7. Comparison of cathepsin-like proteinase activities betw
ovaries of C. p. pallens after a blood meal. (A) Native proteinase
fractions, which were separated from degenerating follicles collec
Proteolytic activities were expressed as AMC concentrations equi
during the incubation. Each bar shows the mean proteinase activit
nd supernatant fractions of degenerating follicles according to
reincubation at pH 4.5 for 20 min, followed by a 5-min incubati
roteinase activity changes for substrate B 1 L were measured wit
he mean proteinase activity 6 SD of three samples.gies, e.g., when the available nutrients are poor, materials fi
Copyright © 2001 by Academic Press. All rightesulting from oosorption may enable females to recycle
hem to the remaining developing oocytes, since females
ould otherwise form many, but incomplete, eggs. It may
lso be that females are able to store the nutrients until
nvironmental conditions become more favorable for oo-
enesis, oviposition, or survival of offspring (Trepte and
repte, 1980; Wilson, 1985). The initial stages of this
henomenon, however, still remain unclear, especially con-
erning which follicles are selected and how the selected
ollicles are diverted from the developmental process to the
egenerative process. Endocrinologically, oostatic hormone
hould play a key role in the initial and perhaps the entire
rocess. It is released from developing follicles themselves
nd suppresses other less developing follicles (Meola and
ea, 1972; Bell and Bohm, 1975; Huebner, 1983; Kelly et al.,
986), while the involvement of juvenile hormone is indi-
ated as well (Wilson, 1982; Shu et al., 1998). In mosquito
. aegypti, the decision on each developing follicle whether
o continue to grow or to degenerate in relation to nutri-
ional limits may be done endocrinologically about 6–14 h
BM (Lea et al., 1978), and a similar endocrinological
ecision in C. p. pallens may be done during the 2- to 3-day
eriod after the blood meal, since the number of developing
ollicles 3 days PBM was almost the same as that of
particulate and supernatant fractions of degenerating follicles in
vities were measured by incubating particulate and supernatant
3 days PBM, in a weak buffer with substrate B 1 L for 15 min.
t to that liberated from the synthetic substrates by the enzymes
SD of three samples. (B) Proteinase activity changes of particulate
treatment were also measured without preincubation or after
ith substrate B (dotted line) or L (solid line). (C) For comparison,
two fractions of normally developing follicles. Each point showseen
acti
ted
valen
y 6
acid
on w
h thenally-matured eggs (Hosoi, 1954; present observation). We
s of reproduction in any form reserved.
f
t
c
w
a
i
t
s
f
t
c
a
t
i
d
c
t
t
m
p
o
L
p
t
a
p
c
a
t
d
(
t
t
l
o
N
V
l
s
t
w
o
V
a
c
B
1
b
p
r
e
c
76 Uchida et al.have now initiated some studies on the beginning of the
atretic process in relation to its endocrinological control.
In this report, we focused on the later stages of atresia,
when ovarian proteinase activation occurs for degradation
of the yolk or follicle itself. As is generally accepted, the
main role of ovarian proteinases is to degrade yolk proteins
after oviposition to supply materials for embryonic devel-
opment. These proteinases remain in inactive immature
forms as proenzymes from the early stages of follicular
FIG. 8. Yolk granule-associated cathepsin B- and L-like proteinase
activities along with follicular degeneration in developing ovaries
of C. p. pallens. Fluorescence due to the degradation of cathepsin
B 1 L substrates was observed under a fluoromicroscope by
incubating in a weak buffer those yolk granules collected from
developing follicles (B) and degenerating follicles (D). The same
samples observed light microscopically are shown on the left with
developing follicles (A) and degenerating follicles (C). Similarly
shown are cathepsin B-like activities (E) and cathepsin L-like
activities (F) of yolk granules of degenerating follicles. Yolk granule
samples of developing follicles (G) and degenerating follicles (H)
were also incubated with acridine orange and observed fluoromi-
croscopically to observe the intra-granular acidity.development to the mature stage, and also as long as the (
Copyright © 2001 by Academic Press. All rightemales retain the mature follicles in their ovaries. From
wo major results in the present study, it is now clear that
athepsin B- and L-like cysteine proteinases accumulated
ithin developing ovaries of blood-fed C. p. pallens can be
ctivated before oviposition in atretic follicles. First, when
ncubated with the substrates in a weak buffer without acid
reatment, significantly higher native activities were ob-
erved in degenerating follicles than in normally developing
ollicles. Second, when preincubated in an acidic medium,
he proteinase activities in the degenerating follicles de-
reased as the preincubation period was extended, while the
ctivities in the developing follicles increased along with
he length of the preincubation period. The former decrease
n the proteolytic activity must have resulted from self-
egradation of the mature enzymes during the acid prein-
ubation. On the other hand, the latter increase suggests
hat the cathepsin enzymes remaining as immature inac-
ive forms in developing follicles turned gradually into the
ature active molecules. It is certain that these activated
roteinases promote the atretic process by degrading not
nly yolk proteins but also the follicular structure itself.
From comparisons of the enzymatic activities, cathepsin
-like proteinase seems to be the major proteinase in C. p.
allens ovaries and to be located mostly in the cytoplasm of
he oocytes, nurse cells, and follicle cells but not greatly
ssociated with yolk granules. In accordance with such
roteinase distribution, the cytoplasmic enzymes seem to
ontribute more to the atretic process than granule-
ssociated enzymes (Fig. 7). Although the principal roles of
he nurse cells’ and follicle cells’ proteinases should be to
egrade their own cells by the time of oocyte maturity,
when these two cells have degenerated and are replaced by
he chorion), the enzymes may perhaps work similarly in
he atretic follicles. Cytoplasmic proteinases in C. p. pal-
ens follicles may be lysosomal enzymes as with some
varian proteinases (Giorgi et al., 1997; Perona et al., 1988),
while the enzymes in many other insects’ eggs are mainly
located within yolk granules (Yamamoto et al., 1994b;
ussenzveig et al., 1992; Medina et al., 1988; Medina and
allelo, 1989). It is certain that proteinase distribution and
ocalization depend on the enzymes’ synthesis site and
ubsequent packaging mechanism, and also their interac-
ion with yolk granule formation. We are now examining
hether the proteinases, especially those present in the
ocyte cytoplasm, are synthesized extraovariolly as are
CP or VCB in A. aegypti (Hays and Raikhel, 1990; Cho et
l., 1991, 1999), or synthesized in the follicular epithelial
ells and incorporated into the developing oocytes as with
. morii cathepsin-like proteinases (Yamamoto et al.,
994b).
Although the enzyme activation mechanism has not
een examined in this study, some discussion may be
ossible only with yolk-granule associated proteinases by
efering to the embryological studies. In some invertebrate
mbryogenesis, proteinases associated with yolk granules
an be activated by acidification of the yolk granules
Fagotto, 1991; Nordin et al., 1991; Mallya et al., 1992;
s of reproduction in any form reserved.
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77Egg Proteinases Activated in Atretic FolliclesFagoto and Maxfield, 1994a), perhaps by means of activated
proton pumps associated with the granular membrane (Mal-
lya et al., 1992; Fagoto and Maxfield, 1994b). The orange
appearance of yolk granules of degenerating follicles incu-
bated with AO (Fig. 8H) indicates that a similar acidifica-
tion occurs in these follicles. In embryogenesis, however,
acidification should be developmentally regulated and pro-
ceed gradually (Nordin et al., 1991; Fagotto, 1991). Not
examined, but this must be the case for C. p. pallens, and
the accumulated proteinases in the ovary by 5 days PBM
could be partially and gradually activated along with em-
bryonic development. Another example of developmentally
regulated ovarian proteinase activation occurs even before
oviposition in normally-developing oocytes of chickens
(Retzek et al., 1994) or some teleost fish (Sire et al., 1994;
Carnivali et al., 1999a, b) to process the large vitellogenin
molecules into the smaller mature molecules. It is of great
interest to discover how vitellogenic females properly regu-
late the activation of ovarian proteinases from case to case,
i.e., from limited proteolysis during vitellogenesis (Sire et
al., 1994; Carnivali et al., 1999a, b), or gradual degradation
of yolk proteins as embryonic development progresses
(Nussenzveig et al., 1992), to rapid degradation of not only
olk granules but also the cellular structure itself of degen-
rating follicles.
As the general scheme of the developmental phase of
ogenesis seems common among oviparous invertebrates
nd vertebrates, our data on the degenerating phase will
lso be applicable to the understanding of follicular atresia
n other animals.
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